Splice-switching antisense oligonucleotides are emerging treatments for neuromuscular diseases, with several splice-switching oligonucleotides (SSOs) currently undergoing clinical trials such as for Duchenne muscular dystrophy (DMD) and spinal muscular atrophy (SMA). However, the development of systemically delivered antisense therapeutics has been hampered by poor tissue penetration and cellular uptake, including crossing of the blood-brain barrier (BBB) to reach targets in the central nervous system (CNS). For SMA application, we have investigated the ability of various BBB-crossing peptides for CNS delivery of a splice-switching phosphorodiamidate morpholino oligonucleotide (PMO) targeting survival motor neuron 2 (SMN2) exon 7 inclusion. We identified a branched derivative of the well-known ApoE (141-150) peptide, which as a PMO conjugate was capable of exon inclusion in the CNS following systemic administration, leading to an increase in the level of full-length SMN2 transcript. Treatment of newborn SMA mice with this peptide-PMO (P-PMO) conjugate resulted in a significant increase in the average lifespan and gains in weight, muscle strength, and righting reflexes. Systemic treatment of adult SMA mice with this newly identified P-PMO also resulted in small but significant increases in the levels of SMN2 pre-messenger RNA (mRNA) exon inclusion in the CNS and peripheral tissues. This work provides proof of principle for the ability to select new peptide paradigms to enhance CNS delivery and activity of a PMO SSO through use of a peptide-based delivery platform for the treatment of SMA potentially extending to other neuromuscular and neurodegenerative diseases.
Introduction

S
pinal muscular atrophy (SMA) is an inherited motor neuron disease and a leading genetic cause of infant mortality. It is characterized by the loss of lower motor neurons, which results in progressive atrophy of voluntary muscle groups leading to paralysis and eventually premature death [1] . It is caused by the deletion of the survival motor neuron 1 (SMN1) gene in more than 95% of SMA patients [2] . Humans have a second nearly identical copy of this gene, SMN2 [2] . The majority (*90%) of SMN2 transcripts lack exon 7 due to a translationally silent C-to-T transition +6 nucleotides within exon 7 [2] [3] [4] . Skipping of exon 7 during pre-messenger RNA (mRNA) splicing leads to the production of a truncated and only marginally functional SMN protein product [5] . The 10% of SMN2 transcripts that contain exon 7 and which produce full-length functional SMN protein cannot adequately compensate for the loss of SMN1 unless high copy numbers of SMN2 are present, in which case the severity of the disease is reduced [6, 7] . Therefore, the focus of most current therapeutic strategies is to increase the expression of SMN protein by induction of exon 7 inclusion in SMN2.
The use of splice-switching oligonucleotides (SSOs) to modulate pre-mRNA splicing through a steric blocking mechanism has provided a platform to target disease-causing mutations in several neuromuscular diseases and in particular Duchenne muscular dystrophy (DMD) [8] and SMA [9] . In the case of DMD, Phase III clinical trials by Biomarin have been recently completed that utilized 2¢-O-methyl-modified phosphorothioate (2¢-OMe/PS) SSOs to target the removal of exon 51 (exon skipping) to correct out-of-frame mutations in amenable DMD patients. Unfortunately, improvement in a clinical measure of function, the 6-min walk test, was deemed insufficient for FDA approval of the drug.
By contrast, following small-scale Phase II/III clinical trials (Sarepta Therapeutics), a phosphorodiamidate morpholino oligonucleotide (PMO) also targeting exon 51, called Eteplirsen, has recently been approved for clinical use, despite relatively modest improvements in the 6-min walk test and the patient sample being small. For the treatment of SMA, an SSO is being developed by Ionis/Biogen Pharmaceuticals for use in infants and children, which has progressed to phase III clinical trials after promising data from open-label phase II studies and this drug, called Nusinersen, is expected to be approved soon for clinical use [10] . However, this type of SSO is not able to cross the blood-brain barrier (BBB) to reach the target motor neurons in central nervous system (CNS), hence the need for delivery through intrathecal injection to obtain broad CNS distribution. In a recent study on intrathecal administration of Nusinersen (ISIS-SMNRx), it was reported that, despite its great effectiveness, 32% of patients have developed side effects such as headache, back pain, and postlumbar puncture syndromes [11] , possibly due to the use of an intrathecal delivery technique. There is thus a strong impetus to explore the development of noninvasive and efficient delivery systems for therapeutic SSOs to enter brain and spinal cord through the circulation.
For both DMD and SMA treatment so as to reduce dosages needed (which for PMO use in DMD is very high), there is an additional requirement to improve penetration into muscle and other relevant organ types following systemic delivery, as well as into the required cell types within such organs. Despite the transduction efficiency of viral gene delivery, the use of viral delivery vehicles is limited due to the immunotoxicity of the viral coat protein and potential oncogenic effects [12] . However, in the case of neuromuscular diseases, considerable progress has been made in the use of nonviral delivery vectors, particularly synthetic cell-penetrating peptides (CPPs). In the case of DMD, conjugations of various Arg-rich peptides to exon skipping PMOs have given rise to dramatic improvements in levels of in vivo dystrophin production in skeletal muscles in mouse models [13] [14] [15] [16] [17] , and we have extended this to heart muscles using a new range of such peptides known as Pip [18, 19] . In very recent studies in SMA mouse models, we have found that a conjugate of PMO to Pip6a peptide, following intravenous delivery, was able to direct significant exon inclusion in the brains and spinal cords of SMA model mice in addition to skeletal muscles [20] .
Synthetic peptides have also shown considerable promise for some years for delivery into the CNS due to their small size, low toxicity, targeting specificity, and ability of transcapillary delivery of large bio-cargoes [21] [22] [23] . Several peptides have been reported for their BBB permeability either alone or carrying a bio-cargo [22, [24] [25] [26] [27] . Thus, in parallel to our recent study of the Arg-rich Pip6a peptide as a PMO carrier into brain and spinal cord of an SMA mouse, we asked whether it was possible to identify other peptide types capable of simultaneously enhancing muscle cell penetration of a PMO bio-cargo into skeletal muscle tissue as well as delivering a splice-switching PMO into the CNS of SMA mice. Thus, we screened and tested two main types of alternative peptide-PMO (P-PMO) conjugates, in one case where the peptide component might be expected to utilize a receptor-mediated BBB transcytosis mechanism as well as in the other case some cationic P-PMOs that might be subject to absorptive-mediated BBB transcytosis similar to Pip6a.
Before detailed in vivo testing in SMA mice, we wished to exclude peptides that, as PMO conjugates, did not lead to sufficiently enhanced cell uptake and activity, which is extremely important to obtain in addition to enhanced BBB crossing. Thus, we first used a two-stage cellular spliceswitching screen to gauge the cell uptake efficiency and the pre-mRNA targeting ability of these conjugates. Preliminary screening for muscle cell penetration was carried out using the well-established exon-skipping assay in the DMD mouse mdx muscle cell line that has a high dynamic range. A secondstage testing then involved induction of SMN2 exon 7 inclusion in a human SMA patient-derived fibroblast cell line. Several of the most cell-active peptides that passed both these screens were then tested as PMO conjugates in a newborn mouse model of SMA carrying a human SMN2 transgene, by measurement of the level of exon 7 inclusion after intravenous injection at postnatal day 4 (PND4). This led to the identification of a branched ApoE (K/A) peptide candidate, which as a PMO conjugate was demonstrated to show a dramatic improvement in the lifespan of homozygous newborn SMA mice with median lifespan *15 days [28] to 78 days and two SMA mice surviving to 280-290 days. The ability of this branched peptide in delivery of exon-including PMO into the CNS was then also evaluated in adult SMA mice through intravenous administration and we showed that it is able to deliver PMO into the CNS and restore full-length SMN2 pre-mRNA.
Materials and Methods
Materials
9-Fluorenylmethoxycarbonyl (Fmoc)-protected L-aamino acids and coupling reagents (HBTU and PyBOP) and the Fmoc-Gly-OH-preloaded Wang resin (0.19 mmol/g) were obtained from Merck (Hohenbrunn, Germany). Fmoc-l-bishomopropargylglycine-OH (Bpg) was purchased from Chiralix (Nijmegen, Germany). Chicken embryo extract (CEE) and horse serum for cell culture were obtained from Sera Laboratories International Ltd. (West Sussex, UK). g-Interferon was obtained from Roche Applied Science (Penzberg, Germany). The High-Capacity cDNA RT Kit was from Applied Biosystems (Warrington, UK), Power SYBR Green PCR Master Mix from Life Technology (Paisley, UK), and Primers from Integrated DNA Technologies (Leuven, Belgium). PMO was fromGene Tools, LLC (Philomath, OR). Cy5-azide was from Lumiprobe (Hallandale Beach, FL). All other reagents were obtained from Sigma-Aldrich (St. Louis, MO).
Peptide synthesis
All linear peptides were synthesized using Fmoc chemistry as C-terminal free carboxylic acid using Fmoc-Gly-OHpreloaded Wang resin on a CEM Liberty Ô microwave peptide synthesizer (Buckingham, UK). Standard trifluoroacetic acid (TFA)-labile side-chain-protecting groups were used for all amino acids, except for Lys, Asp, and Glu, which were protected by hydrazine-labile-protecting groups (ivDde on Lys and ODmab on Asp and Glu). All peptides included a C-terminal Bpg residue and were synthesized at 0.1 mmol scale using an excess of Fmoc-protected amino acids, PyBOP, and DIPEA (5:5:10) at 75°C for 5 min. Fmoc-lbis-homopropargylglycine-OH (Bpg) was purchased from Chiralix (Nijmegen, The Netherlands). The N-a-Fmocprotecting groups were removed using piperidine in DMF (20% v/v) at 75°C for 3 min. To prevent racemization, the cysteine and histidine residues were coupled at 50°C for 10 min.
The peptide chain was cleaved from the solid support by treatment with a cocktail of TFA:3,6-dioxa-1, 8-octanedithiol (DODT):water: triisopropylsilane [TIPS; (94%:2.5%:2.5%:1%), 10 mL] for 90 min. Peptides were precipitated in ice-cold diethyl ether and the peptide pellets were washed three times in ice-cold diethyl ether. PepC7 and branched (Br) PepC7 peptides were further modified postsynthesis by formation of a disulfide bond. The first disulfide bond was easily formed by oxidizing the cysteine residues by first dissolving the linear peptide in 0.1 M NH 4 HCO 3 solution (1 mg/3 mL, pH 8) followed by addition of a 1 mM solution of 2,2¢-dipyridyldisulfide (DPDS) in methanol (0.2 mL/1 mg). Since there was no change in the retention time of the oxidized peptide, the formation of a disulfide bond was confirmed by the Ellman's test [29] . The formation of the second disulfide bond was carried out by simultaneous removal of Acm-protecting groups and oxidation of cysteines. Br-PepC7 was dissolved in acetic acid (2 mg/mL) and 60 mM HCl solution (5% v/v) was added followed by addition of iodine (10 eq/Acm) as a 20 mM solution. The progress of the reaction was monitored using reversed-phase high performance liquid chromatography (RP-HPLC). Due to the slow rate of oxidation, the amount of iodine was increased to 20 eq/Acm group. Following the completion of the reaction after 30 min, the peptide was precipitated in cold diethyl ether. The peptide pellet was dissolved in water and 20 mM ascorbic acid solution was added to quench the remaining traces of iodine. All peptides were purified (>90%) using preparative RP-HPLC on a Phenomenex column (21.2 · 150 mm, C18, 5 mm) using a 0.1% TFA-based buffer. MALDI-TOF mass spectrometry (ABI Voyager DE Pro) was used to characterize the peptides using either acyano-4-hydroxycinnamic acid or sinapic acid matrices.
P-PMO conjugation
The 20-mer PMO sequences for human SMN2 exon-7 inclusion [5¢-ATTCACTTTCATAATGCTGG-3¢, targeting intron splice silencer N1 (ISS-N1) at the 5¢ region of intron 7] [30], a control scrambled sequence for SMN2 (5¢-ATTG TCTATCAAAATCCTGC-3¢) and the 25-mer PMO sequence for exon-23 skipping of Dmd pre-mRNA (5¢-GG CCAAACCTCGGCTTACCTGAAAT-3¢) were obtained from Gene Tools, LLC. The purified peptides were conjugated to the PMOs through an amide bond between the free carboxyl group at the C-terminal of the peptides and a secondary amino group at the 3¢-end of the PMO. Peptides were dissolved in NMP to a concentration of 50 mM and the PMO was dissolved in dimethyl sulfoxide (DMSO) to a final concentration of 10 mM. A 2.5-fold excess of peptide over PMO was used. The peptides were activated using HBTU:HOBt (2.5:2) and conjugated to the PMO in the presence of a fourfold excess of DIEA. The reaction was carried out at 40°C for 2 h. Some of the P-PMOs were treated with hydrazine (20 eq) for a further 15 min to deprotect the ivDde and ODmab-protecting groups before purification. The positively charged P-PMOs were purified on a high-resolution-16/10 cation-exchange column (GE Healthcare) using 25 mM sodium phosphate buffer (pH 7.2) containing 25% acetonitrile. The same buffer with 1 M NaCl added was used to elute the P-PMO. The removal of excess salts was achieved by centrifugation using an Amicon Ò Ultra-15 3K centrifugal filter device. The P-PMOs with no positive charge were purified using RP-HPLC with a 0.1% TFA buffer. The trifluoroacetate counter ions were removed by dissolving the lyophilized P-PMO in 5 mM HCl solution and filtered as above [31] . The concentrate (*300 mL) was washed three times with deionized water to remove excess HCl before lyophilization. The overall yields of P-PMO conjugates ranging from 30% to 45% based on the starting amount of PMO as determined by ultraviolet absorbance at 265 nm.
Mouse exon skipping mdx cell assay
Mouse H2K mdx myoblasts were maintained in highglucose Dulbecco's modified Eagle's medium (DMEM) containing 20% fetal calf serum, 2% CEE, and 0.002% of interferon-g at 33°C. The myoblasts were differentiated into myotubes for the exon-skipping assay as previously described [32] . The exon-skipping assay was carried out by incubating the myotubes with appropriate concentrations of P-PMOs dissolved in serum-free Opti-MEM for 4 h at 37°C. The transfection medium was then replaced with DMEM/5% horse serum and cells incubated for a further 20 h at 37°C. The level of exon-23 skipping for tandem ApoE-PMO and branched ApoE (K/A)-PMO was also measured in the presence of serum. The P-PMOs (1 mM) were preincubated in 50% mouse serum for 1 and 2 h before transfecting the cells. Total RNA was isolated from H2K mdx cells using TRIzol Ò (Sigma, UK). RNA (500 ng) was used to carry out complementary DNA (cDNA) synthesis and primary polymerase chain reaction (PCR) amplification of dystrophin DMD transcripts using SuperScript III One-Step RT-PCR System with Platinum Taq DNA polymerase (Invitrogen) as previously described [32] . The primers used for the first PCR amplification were DysEx20Fo (5¢-CAGAATTCTGCC AATTGCTGAG) and DysEx26Ro (5¢-TTCTTCAGCTTG TGTCATCC). The second PCR was carried out using 1 mL of the first PCR as template using SuperTaq Polymerase (H T Biotechnology Ltd.) and primed by DysEx20Fi (5¢-CCCAGTCTACCACCCTATCAGAGC) and DysEx26Ri (5¢-CCTGCCTTTAAGGCTTCCTT). PCR products were fractionated by 2% agarose gel and scanned using GelDoc Imaging System (Bio-Rad). The area density of each band was determined using Image Lab software (Bio-Rad). The relative amount of exon-23 skipping was expressed as a percentage of total Dmd transcripts at a given concentration of P-PMOs conjugates. Data were expressed as meanstandard error of the mean (SEM) from at least three independent experiments.
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) cell viability assay as previously described [32] . Briefly, Huh-7 cells were plated in a 96-well plate and treated with P-PMOs at a relatively high concentration of 40 mM. The level of cell viability was measured using CellTiter 96 Ò AQueous One Solution Reagent (Promega) according to the manufacturer's instructions. Untreated cells were used as control and the viability of treated cells were expressed as percentage of control.
Human SMA fibroblast exon inclusion assay
Following screening of the P-PMO conjugates in the mdx cell assay for cell internalization and exon-skipping efficacy, several of them [rabies virus glycoprotein (RVG), AngioPep-2, THR, PepC7, SynB3PFV, and Br-ApoE (K/A)] were further tested for splice-switching activity in an SMA patientderived fibroblast cell assay by measurement of the percentage increases in the level of full-length SMN2 transcript using real time-polymerase chain reaction (RT-PCR). Briefly, SMA fibroblast cells (GM03813; Coriell) were plated at a density of 250 · 10 3 cells/mL in a six-well plate. Cells were treated at three different concentrations of P-PMOs (300, 600, and 1,200 nmol). The PCR was carried out by use of a two-step protocol. Total RNA obtained from the SMA patient cell line was extracted with TRI Reagent (Sigma-Aldrich). One microgram of total RNA in 15 mL of DEPC-treated water and 2 mL (100 pmol) of Oligo dT18 primer (Sigma-Aldrich) was used for cDNA first-strand synthesis. The reaction mixture was incubated at 65°C for 5 min and placed on ice. Afterward, 2.5 mL of a dNTP stock solution (10 mM; GE Healthcare), 2.5 mL 10 · Super RT-buffer (H T Biotechnology Ltd.), 0.5 mL RNasin (Promega), 0.25 mL Super RT (H T Biotechnology Ltd.), and 2.25 mL DEPC-treated water was added, and the reaction mixture was incubated for 40 min at 42°C. Subsequently 5 mL of the RT-PCR product was then used as the template for the primary PCR carried out in 25 mL volumes with 0.5 U Taq DNA Polymerase (H T Biotechnology Ltd.) using oligonucleotides 5¢-CTCCCATATGTCCAGATTCTCTT-3¢ as forward primer and 5¢-CTACAACACCCTTCTCACAG-3¢ as reverse primer. The cycle conditions were 95°C for 1 min, 57°C for 1 min, and 72°C for 2 min and finally 72°C for 10 min for 25 cycles. The PCR products were analyzed in a 2% agarose gel in 0.5% TBE buffer and the bands were visualized by SYBR Safe (Invitrogen, Molecular Probes) Staining. Gels were documented using the GelDoc Imaging System (Bio-Rad).
Treatment of newborn SMA mice and assessment of SMN2 exon 7 inclusion and phenotype Experiments were carried out in the Biomedical Sciences Unit, University of Oxford, according to procedures authorized by the UK Home Office and approved by the Unit Approval Board. Experiments were carried out using the SMAlike mouse strain FVB.Cg-Smn1 tm1Hung Tg(SMN2)2Hung/J. For the purposes of welfare, the peptide screen was carried out on hemizygotic (Smn1 tm1Hung/wt ;SMN2 tg/tg ) pups generated as previously described [33] . Each litter (n = 4-6 per P-PMO) at PND4 was injected with P-PMO (2.6 nmol) in 10-15 mL of 0.9% saline. The control litter was injected with 0.9% saline. Neonatal mice were euthanized 7 days postinjection and brains, kidneys, and quadriceps were extracted and frozen on dry ice before RNA extraction. The Br-ApoE (K/ A)-PMO and Br-ApoE (K/A)-scrambled PMO were further analyzed in homozygotic pups (Smn1 tm1Hung/tm1Hung ;SMN2 tg/o ) generated as previously described [33] . Pups used for phenotype assessment were injected with 10 mg/g (1 nmol) BrApoE (K/A)-PMO, Br-ApoE (K/A)-scrambled PMO, SMA-PMO through the facial vein at PND0 and PND2. Treated animals were weighed daily and observed for survival longevity. A humane endpoint was determined by mobility and weight. Animals who had reached their humane endpoint were euthanized by rising CO 2 .
Pups were also tested from PND2 to PND12 for hindlimb strength and negative geotaxis. Hindlimb strength was scored using a hindlimb suspension (HLS) test developed by PsychoGenics, Inc. and described in the standardized protocols and procedures for preclinical studies by TREAT-NMD. The HLS score relates to the position of the legs and tail of pups suspended by their hindlimbs onto the lip of a 50-cc test tube. A score of 0 -4 is given with the 0 relating to the weakest phenotype (feet clasped and tail down) and a 4 given to the strongest phenotype (legs spread and tail up) [34] . For the purposes of reproducibility, factors such as leg pulls and time were left out of the analysis. Righting reflex was measured by placing pups on their back and timing their ability to right themselves onto all four paws.
Quantitative real-time PCR RNA was extracted from harvested tissues and reverse transcribed using the High Capacity cDNA RT Kit (Applied Biosystems) according to the manufacturer's instructions. Reactions contained 1 mg RNA, RT Buffer, 4 mM dNTP mix, RT random primers, and MultiScribe reverse transcriptase in a final volume of 10 mL. Quantitative real-time PCR analysis was carried out on a StepOnePlus Thermocycler using Power SYBER Ò Green Master Mix (Applied Biosystems). Amplification of full-length SMN2 and total SMN2 transcripts was carried out using 20 ng of the cDNA template in a total volume of 20 mL. The primers used for full-length SMN2 amplification (Forward Ex6; 5¢ GCT TTG GGA AGT ATG TTA ATT TCA 3¢ and reverse Ex7-8 5¢ CTA TGC CAG CAT TTC TCC TTA ATT 3¢) and total SMN2 (Forward Ex2a; 5¢ GCG ATG ATT CTG ACA TTT GG 3¢ and reverse Ex2b 5¢ GGA AGC TGC AGT ATT CTT CT3¢) were obtained from Integrated DNA Technologies. The changes in the level of fulllength SMN2 transcripts expression in various tissues were determined and normalized to the total SMN2 transcripts. Data were analyzed using Prism software (GraphPad Software, Inc., La Jolla, CA) and plotted as FLSMN2 expression relative to the saline-treated group. Data were expressed as mean -SEM. The statistical significances between saline-treated and P-PMO-treated groups were determined using the Student's ttest. A P value of <0.05 was considered statistically significant.
Treatment of adult SMA mice
Tail vein administration in adult mice was carried out in unaffected mice (Smn1 tm1Hung/WT ;SMN2 tg/tg ) at 11-12 weeks of age. Mice were given 6 weekly doses of 10 mg/kg bodyweight Br-ApoE (K/A)-PMO (n = 4) and tissues were harvested 7 days post final administration. Age-matched control animals (n = 5) were given a single saline intravenously at 5 mL/g bodyweight and tissues harvested 7 days postadministration.
Protein extraction and western blot
Protein was harvested from *300 mg of tissue homogenized into RIPA Buffer [150 mM NaCl, 1% IGEPAL, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), and 50 mM. Tris buffer (pH 8.6)] with complete mini proteinase inhibitors (Roche Applied Science). Protein levels were measured by the Bradford assay (Sigma, St Louis, MO) and quantified using bovine serum albumin standards. Thirty to 40 mg of protein was loaded onto 10% acrylamide gels. Protein was transferred onto a 0.45 mm nitrocellulose membrane (Millipore) and probed for human SMN protein using anti-SMN, clone SMN-KH monoclonal IgG1 antibody (Millipore) at 1:1,000, and loading control, mouse b-tubulin using anti-b-actin monoclonal IgG2a antibody (Sigma) diluted in Odyssey Ò Blocking Buffer (LI-COR Biosciences, Lincoln, NE) at 1:100,000. Primary antibodies were detected with secondary antibody IRDye Ò 800CW goat anti-mouse IgG (LI-COR Biosciences). Membranes were then imaged on LI-COR Odyssey FC imager and analyzed with Image Studio Ô software (LI-COR Biosciences, Lincoln, NE).
Clinical biochemistry
Serum from 5-week-old mice administered with two doses 2 days apart of 10 mg/kg Br-ApoE (K/A)-PMO, Br-ApoE (K/A)-scrambled PMO or untreated control was extracted from the jugular vein upon harvest 7 days post final administration and analysis of toxicity biomarkers was performed by a clinical pathology laboratory, Mary Lyon Center, MRC (Harwell, UK).
Results
Peptide synthesis
We chemically synthesized a range of peptides ( Table 1) that are analogues of endogenous peptides/proteins designed to bind to receptors at the BBB such as acetylcholine receptor (Ach-R), low-density lipoprotein receptor (LDLR), lipoprotein receptor-related protein 1 (LRP-1), apolipoprotein receptor (ApoER), transferrin receptor (TfR), or neuronal ganglioside receptor (GT1b-R). These peptides include RVG [35] [36] [37] , Angiopep-2 [38] , ApoE(141-150) [39, 40] , THR [41] , and TET-1 [42] . In addition, we synthesized other peptides that were identified from phage display screens [PepC7 [43] and TGN [44] , a peptide derived from the HSV glycoprotein (gH625) [45] , a Protegrin peptide, SYNB3 [46] , a hydrophobic peptide PFV [47] , and a hybrid Protegrin-hydrophobic peptide (SynB3PFV)]. Some of these peptides are also highly cationic and might be expected to use an absorptive-mediated transcyotosis pathway of BBB crossing as an alternative or in addition to a receptor-mediated pathway. The cationic charge should also facilitate good cell uptake. Furthermore, two of these peptides were synthesized as double versions, either as linear tandem peptides (tandem ApoE) or branched (Br) peptides by branching through a Lys residue at the C-terminus [BrApoE and Br-PepC7 as well as a mutant Br-ApoE (K/A)]. All peptides were synthesized as C-terminal carboxylic acids and furnished with a bis-homopropargylglycine (Bpg) residue to enable ''click'' conjugation to a fluorescent label [31] . They were purified to >95% using RP-HPLC (eg, see Supplementary Fig. S1 [Supplementary Data are available online at www .liebertpub.com/nat] for purification of branched PepC7). 
[ PMO conjugation and cellular assays as measures of cell uptake ability Before in vivo testing, we screened the peptides as PMO conjugates in two cellular assays to determine those peptides capable of enhancing cellular uptake and pre-mRNA targeting by PMO. First, we conjugated the peptides to a wellvalidated 25-mer Dmd PMO sequence and measured spliceswitching activity in differentiated H2K skeletal muscle mdx cells through measurement of the levels of DMD exon-23 skipping [19, [48] [49] [50] [51] . This cell assay has a very high dynamic range and is thus a good primary screen for general cell delivery and RNA-targeting ability. All P-PMO conjugates showed a concentration-dependent increase in exon-23 skipping (Fig. 1A-C) . Among the P-PMOs designed for BBB receptor targeting, ApoE (141-150)-PMO conjugate showed the highest exon-skipping activity in mdx cells that was statistically greater than that for PMO alone (Fig. 1A) . In the cases of P-PMOs, where the peptide component has an unknown mode of BBB crossing, SynB3-PMO, SynB3-PFV-PMO, and PepC7-PMO showed exon-23 skipping activity in mdx cells higher than that of the naked PMO (Fig. 1B) . The branched and linear dimers of ApoE showed significantly higher activity at lower concentrations than for the monomeric ApoE (141-150)-PMO (Fig. 1C) , whereas PMO conjugates of a dimer of PepC7 and the chimera of ApoE-PepC7 did not improve exon skipping activity of single P-PMOs (Fig. 1C) . The modified branched construct Br-ApoE-PMO (K/A) was equally active in exon skipping as its unmodified counterpart at 500 nM, but at 1 mM it was less active than its counterpart (Fig. 1C) . In the case of the tandem ApoE-PMO and the branched Br-ApoE (K/A)-PMO conjugates as a check on serum stability, exon skipping was also assessed after treatment of the conjugates with 50% mouse serum. Exon skipping levels decreased significantly for both P-PMOs after 1 h of serum treatment, but the level remained unaltered after 2 h treatment (Fig. 1D) , which demonstrated that although the peptides are prone to proteolysis in serum, a reasonable level of splice-switching activity was nevertheless maintained.
As a measure of cytoxicity, P-PMOs showing the highest splice-switching activities were tested for cell viability in human hepatocytes following a 4-h incubation at 40 mM (Fig. 2) , since liver accumulation is well known for P-PMOs and other therapeutic oligonucleotide types. Compared with untreated cells, no significant reductions in cell viability were seen for any conjugate, except for the PMO conjugates of both the branched and tandem dimers of ApoE, where viability levels dropped to <40%. By contrast, the K / A analogue of the Br-ApoE showed significantly less cytotoxicity, with a cell viability of >85%. Therefore, the K / A analogue was used for all further work.
As a further test of cellular uptake and activity with more direct relevance to SMA, a number of selected peptides conveying high activity to PMO in the first round of screening were conjugated to a 20-mer PMO-targeting ISS- 5 mM) . The branched analogue of PepC7 and the branched chimera of ApoE-PepC7-PMO showed similar exonskipping levels to the monomer of PepC7 at 1 and 5 mM. (D) Assessment of proteolytic stability of tandem ApoE-PMO and branched ApoE-PMO (K/A) at 1 mM was measured by preincubating the P-PMOs in 50% mouse serum for 1 and 2 h. The level of DMD exon-23 skipping was significantly decreased after 1 h and remained unchanged after 2 h. *P < 0.05, **P < 0.001, ***P < 0.0001 cf. PMO (1 mM); # P < 0.05, ## P < 0.001 cf. PMO (5 mM). BBB, blood-brain barrier; DMD, Duchenne muscular dystrophy; PMO, phosphorodiamidate morpholino oligonucleotide; P-PMO, peptide-PMO.
N1 site at the 5¢ region of intron 7 of SMN2 pre-mRNA [30] and evaluated for SMN2 exon 7 inclusion activity in the SMA type I fibroblast cell line. The level of full-length SMN2 premRNA increase following P-PMO treatment was measured using RT-PCR. Although the dynamic range of this cell assay is not as large as for the DMD mdx muscle cells, all P-PMO conjugates tested showed concentration-dependent increases in the levels of full-length SMN2 mRNA in the fibroblast cell assay (Fig. 3) . Whereas untreated cells showed a level of fulllength SMN2 pre-mRNA of ca. 65%, SSO-treated cells showed increases up to 85% with the concentrations used. The Br-ApoE (K/A)-PMO conjugate showed the highest exon inclusion activity, which is consistent with the results obtained for the first round screening for DMD exon skipping activity in H2K mdx cells. The Br-ApoE (K/A) peptide conjugated to a scrambled PMO served as a negative control and showed no exon inclusion activity.
While these screening assays were in progress, for some of those peptides known to be BBB receptor targeting, we tried to determine whether receptor-mediated uptake could be observed into brain endothelial cells (bEND3 cells), known to express all the expected receptors tested [52] . Here, the P-PMO conjugates were labeled with a Cy5 fluorescent dye [31] and their cell uptake measured by flow cytometry in a competition binding assay in the absence or presence of a 10-fold excess of unlabelled peptides (data not shown). Although all P-PMOs tested were taken up well into bEND3 brain endothelial cells, no differences were observed between the cells incubated with Cy5-labeled P-PMO conjugates alone and cells coincubated with Cy5-labelled P-PMO conjugates and an excess of unlabelled peptides and, thus, no conclusions as to whether a receptor-mediated uptake mechanism occurs in these cells could be drawn.
In vivo splice-switching activity of P-PMOs in neonatal SMA mice Based on the above cellular activity data in Dmd exonskipping in muscle cells and SMN2 exon-inclusion assays in SMA patient fibroblasts, we selected P-PMOs with the highest cell activity and low toxicity for assay in vivo. We chose a neonatal SMA mouse model that allows for screening of a larger number of P-PMOs than is the case for adult mice and at a lower dose, which, therefore, reduces the synthesis requirement. Thus, neonatal SMA mice (Smn1 tm1Hung/wt ; SMN2 tg/tg and Smn1 wt/wt ;SMN2 tg/tg ) [33] at PND4 were treated with P-PMO conjugates (2.66 nmol, two doses at 10 mg/kg). PND4 is the most developed stage in which a pup can be treated by facial vein administration. The effect of the P-PMOs on the increase of full-length SMN2 pre-mRNA was determined by measurement of the changes in the levels of full-length SMN2 pre-mRNA relative to total SMN2 transcripts 7 days after treatment by quantitative PCR (qPCR; Fig. 4A ). Among the P-PMOs tested, Br-ApoE (K/A) was the only conjugate which displayed SMN2 exon 7 inclusion activity in all three organs tested, that is, brain, kidney, and
FIG. 2.
Effect of P-PMO on the viability of human hepatocyte (Huh7) cells. All P-PMOs were tested at a relatively high concentration of 40 mM and the cell viability was determined using an MTS assay. P-PMO conjugates showed no sign of cytotoxicity apart from branched and tandem ApoE, which caused significant cell death with <40% cell viability. However, replacement of K / A in branched ApoE led to enhanced cell viability of >85%. MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium.
FIG. 3.
Effect of P-PMO conjugate treatment on SMN2 exon 7 inclusion in cultured SMA patient-derived fibroblast cells. The average percentage increase in full-length SMN2 at three different concentrations of P-PMO conjugates was determined by densitometric analysis of RT-PCR gel images. SMA, spinal muscular atrophy; SMN2, survival motor neuron 2.
quadriceps, whereas the levels of SMN2 exon 7 inclusion activity for other P-PMO conjugates were not statistically significant compared with the saline and naked PMO-treated groups. The level of full-length SMN2 pre-mRNA in the brain measured for Br-ApoE (K/A)-PMO (1.35 -0.11, n = 5) was higher than that for saline-treated (1 -0.05, n = 4) and naked PMO-treated mice (1 -0.02, n = 6). Br-ApoE (K/A)-PMO also displayed a significantly higher activity in a skeletal muscle (quadriceps) tissue (2.1 -0.21, n = 5) as well as in kidney (1.5 -0.14, n = 5) (Fig. 4B) .
Phenotypic correction of neonatal SMA mice treated with P-PMO Following identification of Br-ApoE (K/A)-PMO as the most active conjugate with significant SMN2 spliceswitching activity in the brain as well as in skeletal muscle, its effect on the survival, weight gain, righting reflex, and hindlimb strength of newborn SMA mice was assessed. SMA mice were treated with SMA-PMO, Br-ApoE (K/A)-PMO, and Br-ApoE (K/A)-scrambled-PMO (two doses of 10 mg/ kg, 1.48 nmol) at PND0 and PND2. The Br-ApoE (K/A)-scrambled-PMO-treated mice had a median survival of 14 days, which was not significantly different to that of saline-treated mice that had a median survival of 10.5 days (Fig. 5A) . The naked SMA-PMO-treated mice survived a median of 29 days. However, the Br-ApoE (K/A)-PMO treatment led to a significant increase in the median survival of the newborn SMA mice to 78 days (P < 0.0005 Log-rank Mantel-Cox; Supplementary Table S1 ). The Br-ApoE (K/ A)-PMO-treated mice also showed an increased weight gain compared with naked PMO-treated mice (Fig. 5B) . The hindlimb strength (Fig. 5C ) and righting ability (Fig. 5D) were also significantly improved from PND2 up to PND12 [34] , during which time untreated SMA mice will become progressively weaker.
In vivo splice-switching activity of P-PMO in adult SMA mice
We have shown that multiple dosing of Br-ApoE-(K-A)-PMO had a significant effect in alleviating the SMA phenotype in newborn SMA mice. Subsequently, we decided to study the effect of this P-PMO in restoring full-length SMN2 transcript and SMN protein in adult SMA mice, which tests in particular the CNS uptake ability of this P-PMO. The BrApoE (K/A)-PMO was found to restore full-length SMN2 both in the CNS as well as in the periphery. Treatment of adult SMA mice with 6 weekly doses of 10 mg/kg Br-ApoE (K/A)-PMO resulted in significant changes in the levels of
FIG. 4. (A)
In vivo screening of P-PMO conjugates targeting SMN2 exon 7 inclusion in SMA mice at PND4. The increase of full-length SMN2 transcript in the brain, kidney, and quadriceps following facial vein injection was determined using real-time reverse transcriptase quantitative polymerase chain reaction (RT-qPCR). The branched ApoE (K/A)-PMO was the only P-PMO, which showed a significant increase in the levels of full-length SMN2 transcript in all three tissues compared with the control (saline and naked PMO)-treated groups. (B) Level of full-length SMN2 transcript in newborn SMA mice treated with P-PMO measured using RT-qPCR. The change in the level of full-length SMN2 transcripts expression was normalized to the total SMN2 transcripts. Data are presented as mean -SEM. *P < 0.05, **P < 0.001 cf. saline and naked PMO-treated groups. PND, postnatal day; SEM, standard error of the mean.
full-length SMN2 transcript in kidney, in all three regions of the spinal cord and in the brain stem, although no changes could be detected in the cerebellum and cortex (Fig. 6) . In addition to qPCR, we tested the levels of SMN protein in saline-and Br-ApoE (K/A)-PMO-treated tissues (Supplementary Fig. S2) . A significant increase in the level of SMN protein was observed in kidney. Unfortunately, the western blots were not sensitive enough to detect significant changes in protein expression in the spinal cord, despite increases in the levels of full-length SMN2 pre-mRNA detected by qPCR. Serum chemistry from adult mice collected after two doses of 10 mg/kg Br-ApoE (K/A)-PMO, Br-ApoE (K/A)-scrambled PMO or untreated was analyzed for alanine transaminase (ALT), aspartate transaminase (AST), creatinine, urea, and total protein. All levels were within the normal range for FVB/N mice (Supplementary Table S2 ).
Discussion
Gene-targeting oligonucleotide analogues, such as PMO, PNA, and 2¢-OMe/PS, have shown great promise for the treatment of various neuromuscular and neurodegenerative genetic diseases [53] . In most cases, these antisense oligonucleotides are designed to modulate the aberrant splicing of pre-mRNA in favor of producing a therapeutically relevant RNA transcript. SSOs are being developed for the treatment # P < 0.01, *P < 0.001, **P < 0.0001 cf. saline-treated groups. PCR, polymerase chain reaction.
of various CNS diseases such as frontotemporal dementia (FTD) [54] , Menkes disease [55] , Huntington's disease [56] , amyotrophic lateral sclerosis [57] , and SMA [58] [59] [60] [61] [62] . However, poor cellular uptake and BBB permeability have been roadblocks to systemically delivered oligonucleotide clinical applications. To date, most in vivo studies of SSOs have therefore been carried out using intra-cerebral ventricular (ICV) or intrathecal injections [53] , including the 2¢-Omethoxyethyl-modified SSO (Nusinersen, ISIS-SMN RX ) that is currently in clinical trials by Ionis/Biogen Pharmaceuticals that requires multiple intrathecal injections in SMA patients who are mostly infants (ClinicalTrial.gov Identifier: NCT01839656).
PMO is used in several clinical and preclinical studies due to its high stability and low toxicity [63, 64] . The PMO sequence PMO20, also known as HSMN2Ex7D (-10,-29) , has been previously studied by Porensky et al. [61] . Single ICV injections (27, 54 , and 81 mg) of this PMO in newborn SMND7 mice at P0 increased the levels of both full-length SMN2 RNA transcript in the brain and spinal cord as well as SMN protein and yielded an increased survival of >100 days. In a similar study, Zhou et al. [65] used the same PMO sequence [PMO20 (-10, -29)] as well as PMO18 (-10, -27) and PMO25 (-10, -34) . The survival data obtained following ICV injection of PMO25 (40 mg/g) was comparable to that of PMO20 obtained by Porensky et al. In this study, the PMO was conjugated with an octa-guanidine dendrimer (vivomorpholino), which were shown previously to be effective for splice switching in DMD mice [66] . However, an ICV injection (10 mg/kg) of vivo-PMO25 designed for SMN2 exon 7 inclusion led to the death of all mice and a dose of 4 mg/kg resulted in hydrocephalus [66] . Systemic administration of vivo-PMO25 also failed to restore full-length SMN2 in the brain, demonstrating the limitations of an octaguanidine dendrimer as a PMO delivery vector into the CNS.
By contrast, arginine-rich CPPs have been much used for the systemic delivery of PMO into cardiac and skeletal muscles to enhance dystrophin expression in DMD mouse model [13, 18, 32, 51, 67, 68] . Very recently, we reported the use of the CPP Pip6a for delivery of PMO into the brain or CNS from the circulation, a prerequisite for its systemic application to diseases such as SMA [20] . This current study was aimed at cellular and in vivo screening to identify other novel peptides active both in splice switching in cells (muscle and SMA patient fibroblasts) and in systemic delivery of a PMO SSO into SMA mouse models to restore SMN2 expression both in skeletal muscle as well as in the CNS. The SMA mouse pup model is particularly relevant to the disease since SMN protein is required for motor neuron development during the early postnatal stages of development [69] [70] [71] . Exon inclusion of SMN2 pre-mRNA and increase of the SMN protein level can lead to the extension of survival, which can serve as a good phenotypic readout.
In the initial cell prescreening for splice-switching efficiencies of the P-PMO conjugates in differentiated mouse H2K mdx cells (Fig. 1) , branched and tandem dimers of ApoE-PMO were identified as particularly active compared with naked PMO. However, in subsequent cell viability evaluations (Fig. 2) , a high level of cytotoxicity was observed for these P-PMOs, perhaps due to the very high number of cationic amino acids [72] . By contrast, cytotoxicity was significantly reduced when we replaced Lys residues by Ala in [Br-ApoE (K/A)-PMO], to give a branched peptide having less positive charges, but splice-switching efficiency was still maintained. Lys residues were substituted rather than Arg due to the suggestion of more efficient cell-penetrating ability by Arg-containing cell-penetrating peptides than for Lys [73] . In line with the DMD exon-skipping results in H2K mdx cells, Br-ApoE (K/A)-PMO showed the highest spliceswitching activity in further screening in SMA type I fibroblasts for SMN2 exon 7 inclusion (Fig. 3) , which is an established SMA cell assay, but with a lower dynamic range than in the prescreen using the DMD exon-skipping assay.
To address the in vivo systemic delivery of PMO by the novel peptides in a high-throughput manner, we carried out the screening of P-PMOs in newborn SMA mice at PND4, the latest age at which conjugates could be reliably administered through the facial vein. Of the conjugates tested, only BrApoE (K/A)-PMO showed SMN2 exon 7 inclusion in all these three organs assessed, brain, kidney, and quadriceps (Fig. 4) that were statistically significant compared with control saline-and naked PMO-treated mice.
Besides Br-ApoE (K/A), SynB3PFV (which includes the SynB3 peptide) also induced a significant increase in the level of full-length SMN2 transcript in quadriceps, but not in other organs, including brain. SynB3 has been shown previously to enhance the in vivo brain uptake of bio-cargoes such as dalargin [46] and PEGylated nanoparticles [74] . Note that this peptide is moderately cationic (five Arg residues) and therefore it may be acting in quadriceps like a CPP [18] . SynB3 and SynB3PFV peptides also showed very high splice-switching ability in H2K mdx muscle cells (Fig. 1B) . However, the ability of Br-ApoE (K/A) to be active both in brain and in skeletal muscle tissue gives this peptide a particular advantage for further SMA therapeutic development. The branched arrangement of this peptide also resulted in slightly more serum stability than for the tandem dimer of ApoE and may provide a better clustering of guanidinium groups of Arg to bind the negatively charged glycans on the cell surface for endocytotic uptake of the peptide [75, 76] .
Unfortunately no data could be obtained on the likely mechanism of transcytosis, since competition experiments in brain endothelial cells that are known to express the ApoE receptor proved inconclusive. The branched peptide is also Arg rich. Thus, whether receptor-mediated or absorptive transcytosis occurs across the BBB for Br-ApoE (K/A)-PMO or some combination of the two mechanisms remains unclear. There is also the possibility of uptake through the blood-cerebrospinal fluid barrier into the ventricular system. However, a full understanding of the exact mechanism(s) of transcytosis by this peptide in vivo is challenging to establish and is well beyond the scope of the current article.
Evaluation of Br-ApoE (K/A)-PMO for rescue of the SMA phenotype [65] resulted in a significant extension of the median survival of the SMA mouse pups to 78 days with two mice surviving to 282 and 290 days, respectively. The BrApoE (K/A)-PMO-treated mice also showed an increased weight gain and higher muscle strength compared with the naked PMO-treated mice as well as improvements in righting ability compared with saline and Br-ApoE (K/A)-Scrambled-PMO-treated mice. The pups were tested from PND2 to PND12 since the untreated, naked-PMO, and BrApoE (K/A)-Scrambled-PMO-treated pups do not survive beyond PND12. In all tests, Br-ApoE (K/A)-PMO-treated pups showed significant and sustained survival, weight gain, muscle strength, and righting reflex.
Particularly interesting were the observed effects of BrApoE (K/A)-PMO to increase the levels of full-length SMN2 and SMN protein in adult SMA mice, where the BBB is much less permeable. Six weekly intravenous doses of BrApoE (K/A)-PMO (10 mg/kg) resulted in an increase in the levels of full-length SMN2 pre-mRNA both in the CNS as well as in skeletal muscle and in kidney. Unfortunately, the changes in SMN protein levels could not be determined because of lack of sensitivity in the western blot assay (Supplementary Fig. S2) . Nevertheless, the exon inclusion results did show that Br-ApoE (K/A) is capable of delivering its conjugated PMO into a skeletal muscle and into the CNS and this is of great significance for the treatment of SMA. While it is currently unclear where in the CNS the ApoE peptide is able to deliver PMO, future studies will be conducted to elucidate this information for further applications of PMO delivery.
SMN protein is ubiquitously expressed and highly conserved across species, its expression peaking during development [77] , and lower motor neurons are thought to be the primary target in SMA. We do not have in vivo evidence at this stage of neuronal cell uptake in brain/spinal cord for our P-PMO. Nor has any evidence of such uptake been presented for naked PMO injected intrathecally into SMA mouse brain, which showed substantial mouse survival enhancement [61] . Such experiments will require a separate study needing significant quantities of labeled P-PMO. Thus, whether the exon inclusion seen in adult SMA mice in brain and spinal cord by systemic Br-ApoE (K/A)-PMO injection occurs in neurons, glial cells, or endothelial cells, or some combination, cannot currently be determined, but the extension of survival seen in the severe SMA mice may suggest that at least some exon inclusion could be occurring in neurons.
An increasing number of clinical and experimental studies are emerging that indicate the involvement of peripheral organs in the pathogenesis of SMA [78] . Therefore, a bodywide increase in full-length SMN2 pre-mRNA through exon inclusion demonstrated in our results and, therefore, in SMN protein, is more desirable than just in the CNS. The current clinical trials with Nusinersen are carried out using multiple intrathecal injections. This can have several drawbacks, including complications related to lumbar puncture, poor CNS distribution of SSOs and lack of any therapeutic benefits for the peripheral pathological component of the disease. A recent study in SMA mice has also shown that subcutaneous administration of several low doses of PMO had a greater effect in increasing the average survival of SMA mice than a single high-dose ICV bolus injection [79] . In this study, however, we have shown the greater benefits of using a P-PMO conjugate as compared with a naked PMO oligonucleotide by a significant alleviation of the SMA phenotypes.
Our results are comparable to the activity in spinal cord in adult mice for our previous Pip6a-PMO [20] . However, this peptide is longer and contains a higher number of positively charged Arg residues. Initial indications are that Pip6a may not have a sufficiently favorable therapeutic index for clinical development (Godfrey et al., unpublished results). It is clear from the current study that novel peptides are discoverable beyond the Pip series of which Br-ApoE (K/A)-PMO is the first new example for SMA application. Ongoing work aims to carry out detailed in vivo studies in parallel of both activity and toxicology to identify novel peptides with acceptable therapeutic index that may be suitable leads for drug development. However, we believe the current work paves the way for the development of a peptide-based systemic delivery platform into both skeletal tissue and CNS for SSO treatment of SMA that perhaps might be extended to other neuromuscular and neurodegenerative diseases.
